Of peo xi, Ny hine, and n n te) wa actively loaded into the fine veim of the leaf and moved throug the plat in the vasculr system at a spted greater than 3 cm/howr, prt toward the apklc and lateral buds and the root tips. Certain fetors which affect phioem (arsete, cold) affected toxin movement and the expression of systemi symptoms.
P_ospyosuffmylomnithine was the major product formed, altoo phosphosu_famate ad unracted phseotoxin wer abo present.
When P. phawolkol. infected bea plants, very litlk photox wa detected witin the plnt, but the mout of N8-ylornithine fonmed ws sffkiient to accout for the observed chlorosis, the oenitie acmulation, ad the systemi symptom. N'-h fmithine therefore seemed to be the maI ft pytoton of beas halo Miht disease.
When OS-peolotoxin was applied to prmay kaves, 3sS (asmed to be a Of peo xi, Ny hine, and n n te) wa actively loaded into the fine veim of the leaf and moved throug the plat in the vasculr system at a spted greater than 3 cm/howr, prt toward the apklc and lateral buds and the root tips. Certain fetors which affect phioem (arsete, cold) affected toxin movement and the expression of systemi symptoms. Autoradogphy sested that the 2.S was tr"orted in the phloem.
A model for the involvement of ph ton in hba bht dee ip esented.
Halo blight disease of beans (Phaseolus vulgaris L.) is caused by a bacterial pathogen, Pseudomonas phaseolicola (Burkh.) Dows. In common with several other plant diseases caused by different species of Pseudomonas (4) this disease is characterized by the development of a chlorotic zone or halo around the necrotic infection site. The halo is believed to result from the action of toxin(s) released from the bacteria in the infection site and diffusing into the surrounding leaf tissues (18) . In severely infected plants systemic symptoms occur: young trifoliate leaves become yellowed in the interveinal tissue and severe stunting and distortion of the plants often result (8, 10) . When only one primary leaf is infected, there is a pattern of systemic symptoms in the trifoliate leaf that is very similar to the distribution pattern of "4C-assimilate from that primary leaf (6, 7) . Although this suggests that movement of a chlorosis-inducing factor(s) is taking place through the phloem, it is still not certain whether toxin(s) itself is moving, or some product of the toxin(s), or even the infecting organism (9) .
Until recently, a better understanding of the physiological behavior of bean halo blight toxin has been hindered by the difficulties encountered in purifying and identifying the toxin(s) and by the limited knowledge of its chemical properties. However, Mitchell (12) , working with New Zealand isolates of P. phaseolicola, has successfully purified a toxin and characterized it as (N8-phosphosulfamyl)ornithylalanylhomoarginine, and has given it the trivial name phaseolotoxin. A minor component, also a toxin and forming about 6% of the crude toxin, has been identified as the analogue, [2-serineFphaseolotoxin (13) . In a separate study, Patil et al. (14) , working with other isolates of P. phaseolicola, have reported a toxin complex of at least four compounds. One of these has been identified as N-phosphoglutamic acid and has been given the trivial name phaseotoxin A. The nature of the other components of the complex is not yet known, but Patil et al. (14) suggested that they may also be Nphosphoamino acids. The reasons that different toxins have been isolated by these two groups of workers is not known, but may be related to the use of different bacterial isolates and different bioassays.
In the present study we have asked whether phaseolotoxin is likely to be an effective agent of bean halo blight disease and if its behavior in the bean plant can explain the known characteristics of the disease.
MATERIALS AND METHODS
Prepantion and Storage of Phaseolotoxin. Phaseolotoxin was isolated from liquid culture of P. phaseolicola PDDCC1 4612 (race 2) (a higher yielding isolate than PDDCC 3612 as used earlier) by the procedure of Mitchell (12) (glucose concentration of the original medium reduced to 2 g/1 to aid isolation). The purity of the phaseolotoxin was checked before use by twodimensional TLE/TLC and was 80% or more: the major contaminants were the breakdown products ornithylalanylhomoarginine and phosphosulfamate. Because of this instability phaseolotoxin was stored in frozen solution at -20 C (1.5 mg in 300 Al of water) in a 0.3-ml Reactivial (Pierce Chem. Co.). For addition to tissue extracts as a nonradioactive carrier, 20 ,ul (100 ,ug) was used when required. 'S-Labeled phaseolotoxin was prepared from liquid cultures of P. phaseolicola PDDCC 3612. In these cultures, sulfate concentration was reduced to 0.02 g/l in order to maximize incorporation of the 'S-sulfate (3.8 mCi in 600 ml of medium; 3.2% incorporation, giving 122 pCi of phaseolotoxin at 0.20 ACi/Ag). Radiolytic breakdown was minimized by storing the material as a frozen solution in a Reactivial at -20 C. Because of the method of purification, the phaseolotoxin used can be assumed to be in the form of its diammonium salt, mol wt 566.
Preparation of N8-Phosphosulfamylornithine. PSOrn has been chemically characterized during studies on the structure of phaseolotoxin (12) . For use as a standard and as a carrier, it was prepared by reacting phaseolotoxin (1 mg) with leucine aminopeptidase (5.3 units in 0.5 ml of 0.25 M NH4HCO3, 40 C, 40 hr). The product, which consisted of a mixture of homoarginine, alanine, and PSOrn (TLE/TLC), was subjected to ion exchange chromatography on QAE Sephadex as described by Mitchell (12) . The PSOrn fraction was checked for purity by TLE/TLC (12) , dissolved in 200 ,ul of water, and was stored frozen in a 0.3-ml Reactivial. As (2 ,ul) was put on the upper surface of the leaf, which was then pricked once by a needle through the droplet (20) . The Effect of a Petiolar Cold Jacket on Toxin Transport. Three plants were equipped with petiolar cold jackets. A plastic scintillation vial was slit vertically from its mouth to halfway down. Two small holes were cut in opposite sides of the vial at each end of the slit. It was then possible to fit the petiole of a primary leaf across the middle of the vial and to seal it in place with Silastic 9161 RTV quick curing rubber. Melting crushed ice was put into the vial so that a 2.5-cm segment of the petiole became chilled to 0 C. Water was removed by suction and fresh ice was added as required. Once chilling had started, 2 p.l of 5S-phaseolotoxin (1 , uCi, 6 ,ug) was injected at the standard site. After 7 hr, the jacket was removed. Two of the plants were prepared for autoradiography, and one was cut into segments for extraction with 2% formic acid (100 C, 10 min) in order that radioactivities could be measured. The autoradiographed plants were later cut up and extracted for measurement of their radioactivity. Three control plants (without cold jackets) were treated concurrently.
Measurement of Radioactivity. Radioactivity was measured in a Packard scintillation spectrometer, and quench correction was by the channels ratio method. Each sample (piece of TLC layer or portion of extract) was made to 1 ml with water, then 9 ml of Triton-X scintillant was added (15, 16 (Fig. 2) . The shape of the chlorotic spot coincided well with that of the outer zone of the radioactive patch, although traces of radioactivity were found beyond the outer boundaries of the chlorotic area. A test of the application procedure (using 3S-phosphosulfamate in place of 35S-phaseolotoxin to conserve material) showed that 24 hr after injection, 75% of the material could be removed by a 15-sec rinse of the leaf surface. Thus, we believe that over 75% of the toxin had failed to enter the leaf, but that once it had entered, it was able to move away from the application site. From specific activity data and from the radioactivity in 10cm the outer zone we estimate that chlorosis was being obtained with loadings as low as 0.3 to 0.4 ng/cm2, corresponding to concentrations of 0.03 to 0.04 nmol/g fresh wt.
Doses of phaseolotoxin in excess of 500 ng applied to the standard site caused systemic chlorosis. Systemic symptoms 20 1. Relationship between diameter of chlorotic spot and dose of developed at about the same rate as symptoms in the treated phaseolotoxin (plotted on a logl0 scale). Toxin was applied to primary primary leaf; they were just detectable after 24 hr, and fully leaves of bean plants, and after 48 hr the long and short axes of each developed after 48 hr. Generally, the young trifoliate leaf was chlorotic spot were measured, then averaged to give diameter; * unevenly affected: the central leaflet was half green and half phaseolotoxin; A: PSOrn. Line of best fit for phaseolotoxin data is y = chlorotic with the midrib forming the dividing line, while each 13.Ox -4.1; and for PSOrn data isy = 12.7x -4.3.
outer leaflet resembled the adjacent part of the central leaflet. There was a corresponding unevenness in the distribution of 5S-phaseolotoxin (Fig. 2) . 35S became concentrated in the chlorotic half of the trifoliate leaf, but none entered the second primary leaf in which systemic chlorosis was never observed. 35S also showed a tendency to become concentrated in other meristematic areas: in the apical bud, the lateral buds, and the root tips (Fig. 2) . The autoradiographs showed that the speed of toxin movement was greater than 3 cm/hr. In the injected leaf, there was a marked accumulation of 35S in the minor vein system; the pattern in the stem also suggested that toxin was moving through the vascular system.
We therefore studied the 35S distribution in transverse and longitudinal sections of the petiole and stem. In the petiole, the greatest concentration was in the phloem of the vascular bundles, but there was also some present in the xylem (Fig. 3) . There was virtually no activity in the central parenchyma, but a small amount was present in the parenchyma outside the bundles and in the epidermis. Seen in t.s., the vascular bundles formed a horseshoe, the two at the ends having the highest activity. In the stem above the petiole there was a more general distribution of activity. The highest activity was again in the phloem (forming a ring around the stem as viewed in t.s.), with two zones of greater activity about 1200 apart. There was also a considerable amount of activity in the xylem and the epidermis with rather less in the cortical parenchyma and much less in the pith. In the stem below the petiole, however, most of the 35S was confined to the phloem. There was virtually none in the xylem, cortical parenchyma, or pith, although some was located in the epidermis. Activity was 1.5 to 2 times as great on one side of the stem as on the other.
Chemical Fate of Phaseolotoxin Injected into Leaves. Preliminary results suggested that there was a rapid loss of phaseolotoxin in leaves, and so the fate of 5S-phaseolotoxin was studied after periods of 0.5 to 24 hr from the time of application (Table  I) . Most breakdown of phaseolotoxin seemed to occur within the 1st hr and to result in the loss of 60 to 90% of the original phaseolotoxin. After short times (1-2 hr), (N8-phosphosulfamyl)ornithylalanine was an important product, but after longer times (6-24 hr) PSOrn was the major product. Very little free sulfate was formed during the 1st day (Table I) . When 35S-labeled compounds in the systemically affected trifoliate leaf were examined 6 to 24 hr after supplying 35S-phaseolo- (Fig. 4) . Thus, the speed of movement of an effective dose is of the order of 7 cm (from application site to the stem) in Effect of Petiolar Chillin on Toxin Transport. When the petiole was chilled to 0 C, movement of 35S-toxin from the leaf to the body of the plant was greatly reduced. Autoradiographs of control plants showed that in 7 hr, 35S had reached all parts of the plant, and had become more concentrated in the trifoliate leaflets than in the main part of the injected leaf (cf. Fig. 2 ). In plants with cold jackets, there was virtually no detectable radioactivity in the main body of the plant and none in the trifoliate leaves; instead there was a wider spread of activity in the injected leaf. When radioactivities in the various parts of the plants were measured, it was found that the cold jacket had reduced movement of 35S from the injected leaf to less than 5% of the movement of 35S from the control leaf (Table III) (Fig. 5) despite the many differences of experimental procedure. The striking similarity of the two sets of data is indirect evidence that phaseolotoxin was the active agent present in the crude extracts of Hoitink et al. (10) . It also supports their view that the departure of the relationship (spot area versus log [dose]) from linearity is a real one. Minimum Effective Dose. In the original assay procedure (12) , phaseolotoxin-containing solution was sprayed onto the undersurface of primary bean leaves and entered the intercellular space system through the stomates. From the estimated volume of liquid entering the leaf (10-20 1ul in 5 cm2) and from the minimum phaseolotoxin concentration required to produce chlorosis (1 ,ug/ml), we estimate that the minimum effective dose with this assay was 3 ng/cm2 (0.3 nmol/g fresh wt). In the present study, the stab procedure of Woolley et al. (20) was used, and the minimum dose was calculated as 1.2 nmol/g fresh wt. However, over 75% of the applied phaseolotoxin apparently failed to enter the leaf, and so the true value was probably closer to 0.3 nmol/g fresh wt, as observed with the spray assay.
In the outermost regions of the chlorotic zone, the concentration was about 0.03 nmol/g fresh wt, which can be taken as the minimum effective dose of phaseolotoxin in bean leaves. Figure 1 , the data fit a straight line ( Thus, the in vivo breakdown of phaseolotoxin is parallel to the breakdown observed when phaseolotoxin is sequentially hydrolyzed by carboxypeptidase (12), yielding PSOm which is then stable to the enzyme. In contrast, phaseolotoxin is resistant to phosphatase. Both wheat germ acid phosphatase or a high activity plant alkaline phosphatase (2) gave no measurable hydrolysis under conditions giving almost complete hydrolysis of ATP and glucose-6-P (Mitchell, unpublished data). Both types of enzyme were present in a crude enzyme extract from bean leaf, and when phaseolotoxin was added to the extract, PSOm was produced. However, with a dialysate from the enzyme extract, or with a boiled enzyme extract, PSOrn was not produced from the added phaseolotoxin (Mitchell and Bieleski, unpublished data). We suggest that when the leaf is damaged during the assay procedure, peptidase is released into the extracellular space; peptidase-catalyzed hydrolysis of the relatively stable peptide bonds dominates a slower chemical hydrolysis of the P-N bond, and PSOm is formed as the major product, and functional toxin.
In the host, does P. phaseolicola produce PSOrn instead of phaseolotoxin, or is phaseolotoxin produced and then modified by the host? Although a mere trace of phaseolotoxin was recovered from infected bean leaves, we believe that phaseolotoxin was still the main product, and that PSOrn arose secondarily through the action of peptidase released from leaf cells damaged by infection. This view is supported by our failure to find detectable amounts of PSOm in culture solutions used as sources of phaseolotoxin. (Fig. 3) . Third, chilling a short length of petiole to 0 C reduced systemic movement of toxin to about 5% of the rate observed at 24 C. This compares closely with the results reported by Geiger (5), who noted that by chilling bean leaf petioles to 3 C, translocation of 14C-photosynthate from the treated leaves was reduced to 5% of the value obtained at 20 C. As has been observed in another similar study (19) We can therefore infer that in the diseased plant as well, toxin generated by the bacteria will also be able to move through the plant by phloem transport, and in amounts sufficient to cause chlorosis in the recipient leaves. We suggest that the systemic symptoms of halo blight in beans do not depend on systemic movement of bacteria, even if this phenomenon does occur (9) .
Condusion. The data presented allow us to describe, in a more detailed way than has been possible until now, the place of a bacterial product in the etiology of bean halo blight disease. In our view, P. phaseolicola bacteria infecting the plant release phaseolotoxin into the extracellular space of the leaf. Peptidases present in the cell wall or plasmalemma, or else released from cells damaged by the infection, convert phaseolotoxin to PSOrn. PSOrn, which is the main functional toxin, diffuses away from the infection site and is taken up (probably by an active process) into the still living cells causing ornithine accumulation and Chl breakdown, and so forming the characteristic halo around the infection site. Some of the PSOrn is actively loaded into the leaf veins and is transported by way of the phloem particularly to sites of active cell division and cell expansion, there causing ornithine accumulation, chlorosis, and inhibition of growth and leading to the appearance of the systemic symptoms.
